As one of the simplest molecules containing a peptide bond, N-methyl formamide (HCONHCH 3 ) represents a potential key molecule involved in the peptide bond polymerization in extraterrestrial ices. Detected tentatively toward the star-forming region Sgr B2(N2), the synthetic pathways have previously been elusive. By exploiting isomer-selective detection of the reaction products via photoionization, coupled with reflectron time-of-flight mass spectrometry (PI-ReTOF-MS), we present compelling evidence for the formation of N-methyl formamide (HCONHCH 3 ) in astrochemically relevant ice mixtures of methylamine (CH 3 NH 2 ) and carbon monoxide (CO), upon irradiation with energetic electrons as generated in the track of galactic cosmic ray particles (GCRs) penetrating interstellar ices. As one of the simplest molecules containing a peptide bond (-CO-NH-), N-methyl formamide could represent a benchmark involved in radiation-induced peptide bond polymerization in extraterrestrial ices, and thus bring us closer to revealing where in the Universe the molecular precursors linked to the origins of life might have been synthesized.
Introduction
In recent decades, the origin of the peptide bond (-CO-NH-) in extraterrestrial environments has received considerable attention from both the astrochemistry and astrobiology communities (Ehrenfreund & Charnley 2000; Ehrenfreund et al. 2012 ). The possibilities suggested by peptide polymerization via amino acid recombination represents one of the fundamental concepts for all life on Earth . Formamide (HCONH 2 ) as observed toward SGR B2 (Rubin et al. 1971; Gottlieb et al. 1973) represents the simplest molecule carrying the amide (peptide) moiety and can be synthesized along with urea (CO(NH 2 ) 2 ) ) via barrier-less radical-radical recombination throughout astrophysically relevant carbon monoxide (CO)-ammonia (NH 3 ) ices exposed to energetic electrons at 10 K (Jones et al. 2011) . The recent tentative detection of N-methyl formamide (HCONHCH 3 ) toward Sgr B2(N2) (Belloche et al. 2017 ) represents a significant step toward advancing interstellar prebiotic chemistry , due to the methyl-substituted peptide bond present in this molecule. As a catalyst, N-methyl formamide could also play a role in the predisposition of chirality in organic molecules in the interstellar medium. Malkov et al. (2006) analyzed multiple organic catalysts involved in the ketamine transformation to secondary amines, revealing N-methyl formamide (HCONHCH 3 ), combined with anilide (C 6 H 5 NH-R), as a promising candidate to form secondary amines that are enantiomer selective in the presence of the N-methyl group.
However, despite the importance of N-methyl formamide (HCONHCH 3 ) as a potential building block to polyamides in deep space, the underlying formation routes have not yet been unraveled. Ligterink et al. (2017) revealed that the chemically related methyl isocyanate (CH 3 NCO) molecule is synthesized in low-temperature (12 K) isocyanic acid (HNCO)-methane (CH 4 ) ices exposed to vacuum ultraviolet (VUV) radiation at 121 nm and in the range of 140 to 160 nm. However, N-methyl formamide (HCONHCH 3 ), formally a hydrogenation product of methyl isocyanate (CH 3 NCO), could not be probed. Bossa et al. (2012) photolyzed methylamine (CH 3 NH 2 ) and carbon monoxide (CO) ices at 20 K and detected an ion signal via a quadrupole mass spectrometer (QMS) at m/z=59 (C 2 H 5 NO + after electron impact ionization of the subliming molecules. In their photolysis study they found small features in their FTIR study around 1722 cm −1 and 1683 cm −1 , which they postulated to originate from amides or aldehydes. Therefore, they related the m/z=59 during sublimation in the QMS to N-methyl formamide. In their experiment they used UV flux of 10 15 photons s −1 cm −2
. However, since electron impact ionization does not present an isomer-selective ionization tool, Abplanalp et al. 2016a; Förstel et al. 2016b; Tarczay et al. 2016 ) the authors defined this ion signal as a possible link to N-methyl formamide. These considerations reveal that the elucidation of the synthetic pathway to N-methyl formamide in low-temperature interstellar analog ices exposed to ionizing radiation is still in its infancy.
Here, we exploit single photon ionization (PI), coupled with a reflection time-of-flight mass spectrometer (ReTOF-MS), to ionize and to detect N-methyl formamide isomer selectively. PI-ReTOF-MS represents a unique approach in space simulation chambers to selectively ionize distinct structural isomers based on their ionization energies once they have sublimed into the gas phase in the temperature-programmed desorption phase (TPD) after exposing astrophysical model ices to ionizing radiation. If the photon energy is close to the ionization threshold, insignificant internal energy can be channeled into the ion, and ideally fragmentation of the parent molecular ion can be avoided (Abplanalp et al. 2016a) . Likewise, employing distinct photon energies of 10.82eV and 9.78eV, all CH 5 NO isomers can be ionized at 10.82eV, whereas at 9.78 eV all isomers except N-methyl formamide (HCONHCH 3 ) are ionized. Combined with isotopic substitution studies , which trace the isotopic shift of N-methyl formamide via the m/z values, the present study demonstrates for the first time unambiguously that N-methyl formamide can be synthesized in low-temperature (5 K) interstellar model ices of methylamine (CH 3 NH 2 ) and carbon monoxide (CO) exposed to ionizing radiation in the form of energetic electrons mimicking secondary electrons released during the passage of galactic cosmic rays (GCR) through interstellar ices . While carbon monoxide has already been detected in interstellar ices with an abundance to water of about 20% (Reach et al. 2013 ), up to now, methylamine has only been detected in the gas phase in the interstellar medium (Fourikis et al. 1974) . However, compelling evidence can be found that its formation also took place in interstellar ices via recombination of methyl (CH 3 ) and amidogen (NH 2 ) radicals . Methane (CH 4 ) and ammonia (NH 3 ) have been detected in interstellar ices by the infrared space observatory (Gürtler et al. 2002) . Their respective abundances relative to water are typically 1% and 5%, respectively (Boogert et al. 1996 (Boogert et al. , 1997 Gürtler et al. 2002) . Neighboring molecules of methane (CH 4 ) and ammonia (NH 3 ) in interstellar ice mixtures can undergo C-H and N-H bond rupture to methyl and amidogen radicals and thus can recombine to methylamine upon radiation (Holtom et al. 2005; Förstel et al. 2017) . Therefore, the present laboratory simulation experiments mirror the exposure of carbon monoxide and methylamine in interstellar ices in cold molecular clouds by GCR's over the lifetime of the cloud of typically 10 7 years (Moore et al. 2001 ), followed by their transition to star-forming regions and ice sublimation as simulated via the TPD phase. Considering that molecular clouds constitute the nurseries of stars and planetary systems, (Garrod et al. 2008; Herbst & van Dishoeck 2009; Walsh et al. 2014) , the identification of N-methyl formamide proposes that this molecule can be partially incorporated into solar system bodies such as comets, thus opening the door for prospective searches for this key tracer in our solar ystem.
Experimental Details
The experiments were performed at the W. M. Keck Research Laboratory in Astrochemistry (Abplanalp et al. 2016a) . The experimental setup consists of a steel ultra high vacuum chamber (UHV) operated at a base pressure of a few 10 −11 Torr. A polished silver wafer located within the chamber is coupled to a cold finger cooled to 5.5±0.1K using a UHV compatible closed-cycle helium compressor (Sumitomo Heavy Industries, RDK-415E). The target can be translated in the vertical axis and rotated in the horizontal plane. A gas mixture of methylamine (CH 3 NH 2 , Sigma Aldrich; 99.9999%) and carbon monoxide (CO, Matheson TriGas, 99.999%) prepared in a gas mixing chamber at a ratio of 1:3.5 was deposited onto the cooled silver wafer via a glass capillary at a base pressure of 5.5×10 −8 Torr for 20minutes until the desired ice thickness was achieved. This ice growth was monitored online and in situ via an interference pattern of the HeNe laser (λ=632.8 nm; CVI Melles-Griot; 25-LHP-230) reflected from the silver wafer and the ice surface. The recorded fringes translate into an ice thickness via Equation (1), which defines the thickness (d) of an ice and the dependence on the number of interference fringes (m), the laser wavelength (λ), and the angle of incidence of the laser beam (θ = 4°): (Turner et al. 2015; Förstel et al. 2016b Förstel et al. , 2016c Tsegaw et al. 2017 )
With the weighted average refractive index (n) for methylamine (CH 3 NH 2 ) ice of 1.40±0.3 and carbon monoxide (CO) ice of 1.25±0.03, (Bouilloud et al. 2015 ) a thickness of 550± 50 nm is determined. This is confirmed by the calculation of the thickness via the infrared absorption strength A ex and the peak area ò n n ( )
A d
Peak via Equation (2), where M is the molecular weight, N A is Avogadro's number, and α is the angle of the incoming beam inside of the ice: (Turner et al. 2015) ò
For methylamine (CH 3 NH 2 ) the absorption strength of 1.0±0.2×10 −18 cm molecule −1 at 2750 cm −1 (ν 3 ) is derived experimentally from a pure methylamine ice with a known thickness and results in 170±50 nm. The absorption strength of 1.3±0.1×10
−17 at 2139cm −1 of carbon monoxide (CO) is taken from Bouilloud et al. (2015) , which results in a thickness of 320±50nm. Given the densities of 0.85gcm −3 (Holtom et al. 2007 ) for methylamine (CH 3 NH 2 ) and 0.80gcm −3 (Bouilloud et al. 2015) for carbon monoxide (CO), the overall thickness results in 510±100 nm. Based on the absorptions in the infrared spectrum, the ratio of methylamine (CH 3 NH 2 ) to carbon monoxide (CO) is 1:2±0.5 within the ice. After the deposition, an area of 1.0±0.1cm 2 of the ice mixture was irradiated with 5keV electrons for 60minutes, with an electron current of 50nA at an angle of incidence of 70°relative to the surface normal. This corresponds to a flux of 9.4×10 11 electrons per second. Galactic cosmic rays interacting with interstellar ices consist mainly of protons with kinetic energies of up to PeV. An interaction of these GCRs with solids generates a cascade of secondary electrons with energies in the range from a few eVup to keV (Jones et al. 2011; Abplanalp et al. 2016b; Turner et al. 2016) . Therefore, the 5keV electrons mimic efficiently the irradiation by GCR-induced electron cascades. The thickness, as well as the ratio in this ice, which are far away from interstellar conditions, are used in order to avoid interaction of the electrons with the silver mirror and to increase the reaction between the two compounds. However, the results are transferable. By utilizing CASINO 2.42 software (Drouin et al. 2007 ) an average penetration depth of 235±80nm is calculated ( Table 1) . The average dose absorbed is determined to be 11±1eVmolecule −1 and 10±1eVmolecule −1 for methylamine and carbon monoxide, respectively. During the irradiation the chemical evolution of the ice mixture was monitored online and in situ using FTIR (Nicolet 6700, MCT-A) in the range of 4500cm
, with a resolution of 4 cm
, at a reflection angle of 45°for the absorption-reflection-absorption mode. Once the irradiation was complete, the ice was held isothermally at 5.5K for an additional 30minutes before starting TPD by heating the substrate from 5.5K to 320K at a rate of 0.5Kminutes
. Note that throughout the TPD process, the subliming molecules were detected via QMS (Extrel, Model 5221) operating in residual gas analyzer (RGA) mode operating, with electron impact ionizer of 100eV, an emission current of 1mA, and a mass range up to 500amu.
To detect the subliming molecules with the isomer-selective PI-ReTOF-MS approach, the neutral molecules subliming in the TPD are ionized by pulsed VUV laser light close to 2mm in front of the ice sample. The ions produced are mass-resolved and detected by a multichannel plate in a dual chevron configuration and then amplified by a fast preamplifier (Ortec 9305) and shaped with a 100MHz discriminator. Finally, the spectra are recorded using a personal-computer-based multichannel scaler (FAST ComTec, P7888-1E) with 4ns bin widths triggered at 30Hz using a pulse delay generator (Quantum Composer, 9518) and 3600sweeps per mass spectrum per 1K increase in temperature during TPD. The experiments were taken out at different photoionization energies and additionally with C 18 O (Sigma Aldrich; 95% 18 O, 99.9% 12 C) to verify the composition of a desorbing molecule via isotopic mass shift.
The VUV light is generated by difference-frequency mixing (2ω 1 − ω 2 ) in a noble gas (krypton (Kr)) using two dye lasers (Sirah Lasertechnik, Model Cobra-Stretch, and Precision Scan) each pumped by a Nd:YAG laser (Spectra-Physics, Models . In order to record and monitor the VUV light, a detection system consisting of a Faraday cup and a diode calibrated by the National Institute of Standards and Technology (NIST) is placed behind the detection region. This tunable VUV photon source allows soft-ionization of molecules with ideally no fragmentation (Förstel et al. 2015 (Förstel et al. , 2016d Abplanalp & Kaiser 2017; Góbi et al. 2017) . In this work we used a mixture of rhodamine610 and rhodamine640 in the first dye laser, pumped by 532nm, to generate 606.948nm, which is frequency-tripled to ω 1 =202.316nm for the twophoton resonance of krypton (Kr). Adding the second dye laser with LDS 967 pumped by 532 nm with an output wavelength of ω 2 =863nm, results in the VUV energy of 10.82eV (114.6 nm). For the second VUV energy of 9.78 eV, the second dye laser with Coumarin503 as dye is pumped by 355nm to achieve ω 1 =500nm ( Table 2 ). Note that calibration data for the ReTOF reveal a lowering of the ionization energies of the subliming molecules by up to 0.03 to 0.04 eV due to the static electric field-induced Stark shift (Jones & Kaiser 2013 ).
Theoretical
The hybrid density functional B3LYP (Lee et al. 1988; Becke 1992a Becke , 1992b Becke , 1993 is exploited with the cc-pVTZ basis set to calculate the geometry of the neutral molecules and cations with the lowest energy. Afterwards, their coupled cluster, (Purvis & Bartlett 1982; Hampel et al. 1992; Knowles et al. 1993; Deegan & Knowles 1994 ) CCSD(T)/cc-pVDZ, CCSD(T)/cc-pVTZ, and CCSD(T)/cc-pVQZ, energies were calculated and extrapolated to completed basis set limits (Peterson et al. 1994 ) CCSD(T)/CBS, with B3LYP/cc-pVTZ zero-point energy corrections. Subsequently, the difference between the ionic and neutral states results in the adiabatic ionization energy of the respective isomer. The GAUSSIAN09 program (Frisch 2013) was utilized in the electronic structure calculations. Table 3 presents the calculated adiabatic ionization energies for the isomers of C 2 NH 5 O, along with the relative energies of the structural isomers considered in this study and ionization energy values from the literature. A comparison with the literature data of known ionization energies with theoretical values suggests that the calculations typically overestimate the ionization energies by 0.03 eV to Notes.
a Relative ionization potential by CCSD(T)/CBS, with a B3LYP/cc-pVTZ zero-point energy correction in eV. b Relative energy by CCSD(T)/CBS, with a B3LYP/cc-pVTZ zero-point energy correction in eV. c Kimura et al. (1981) . 0.05 eV (Kaiser et al. 2010a (Kaiser et al. , 2010b Kostko et al. 2010; Kaiser et al. 2012 ).
Results
The infrared spectra recorded prior to the radiation exposure reveal characteristic absorption features of methylamine (CH 3 NH 2 ) (Bossa et al. 2012 ) and carbon monoxide (CO) (Bennett et al. 2009 (Bennett et al. , 2010 (Figure 1; Table 4 ). While the fundamental of carbon monoxide at 2136cm −1 (CO-stretching, ν 1 (CO)) along with the 2091cm −1 ( 13 CO-stretching, ν 1 ( 13 CO)) and 4251cm −1 features (overtone ν 1 (CO)) are clearly separated, the methylamine modes are overlapping. Three overlapping vibrations at 3332cm , and 3191cm −1 are attributed to the antisymmetric (ν 10 ), symmetric (ν 1 ) NH 2 stretching and the hydrogen bonding between the molecules in the methylamine ice, respectively. The region of 3000-2700cm −1 connects to two degenerate (ν 11 , ν 2 ) and the symmetrical (ν 3 ) CH 3 stretching modes of methylamine. Their satellite peaks and peak shift are characteristic for Fermi resonances. Further absorption features are the NH 2 scissor mode (ν 4 , 1651 cm ) and symmetric (ν 6 , 1441 cm −1 ) CH 3 deformations, followed by the CH 3 rocking (ν 7 , ν 14 , 1182cm ). After the irradiation, several new absorption features emerged. These are attributed to products forming pure methylamine (CH 3 NH 2 ) (Bossa et al. 2012 ) and carbon monoxide (CO) (Gerakines et al. 2005; Öberg et al. 2007; Bennett et al. 2009 Bennett et al. , 2010 Caro et al. 2010; Chen et al. 2014 and alkanes (3009 cm −1 ), (Socrates 2001) which could be associated with N-methyl formamide as well. The main feature of N-methyl formamide is expected around 1700 cm −1 , but due to the C=N-vibration of methanimine feature around Figure 1 . FTIR spectra before (black) and after (red) the irradiation of ice mixtures containing methylamine (CH 3 NH 2 ) and carbon monoxide (CO) or its isotope (C 18 O). −1 and the NH 2 scissor feature at 1651 cm −1 , we cannot attribute any further features in this region. Taking into account the energy loss of the electrons while penetrating the ices (Table 1) , we can calculate the parent molecules that are processed per eV. The differences between the integrated FTIR features before and after irradiation of the parent molecules result in (1.0±0.3)×10 17 methylamine (CH 3 NH 2 ) and (9.0±3.0)×10 16 carbon monoxide (CO) molecules being destroyed during the irradiation. Since both carbon monoxide (CO) and methylamine (CH 3 NH 2 ) are essential for the synthesis of N-methyl formamide (HCONHCH 3 ), we can determine the maximum conversion yield. If each destroyed pair of methylamine (CH 3 NH 2 ) and carbon monoxide (CO) is converted to N-methyl formamide, upper yields of 0.03±0.01 molecules eV −1 are extracted. Considering that (2±1)× 10 15 carbon monoxide are also converted to carbon dioxide upon radiolysis, (Jones et al. 2011 ) these carbon monoxide molecules cannot be used in the synthesis of N-methyl formamide, thus reducing the yield to 0.024± 0.005 molecules eV −1 . In order to gain a more detailed understanding on the products synthesized, PI-ReTOF-MS is exploited. Compared to FTIR, this approach is significantly more sensitive by up to 12 orders of magnitude and can discriminate between structural isomers (Abplanalp et al. 2016a; Zhu et al. 2018) . The PI-ReTOF-MS data are compiled in Figure 2 for distinct ice mixtures and photon energies. Figures 2(a)/(b) show the PI-ReTOF-MS data of the unirradiated (blank) and irradiated ice mixtures, respectively, at the highest recorded photon energy of 10.82 eV. The blank experiment shows intense ion counts at mass-to-charge ratios (m/z) of 30, 31, and 32 in the temperature range of 90 to 120 K, which can be attributed to the parent molecule methylamine (CH 3 NH 2 ), its isotope along with protonated methylamine 13 CH 3 NH 2 /CH 3 NH 3 + , plus the protonated version of the 13 C-methylamine 13 CH 3 NH 3 + . For the irradiated sample (Figure 2(b) ) critical ion traces related to newly formed molecules are visible. Most importantly, a strong signal can be found between 175 K and 275 K at m/z=59 (C 2 H 5 NO + ) (Figure 3 )-the molecular parent ion originating from ionization of neutral N-methyl formamide and/or its isomers subliming into the gas phase, which is absent in the blank experiment. Therefore, we can conclude that the new signal m/z=59 (C 2 H 5 NO + ) is directly linked to the radiation exposure of the methylamine-carbon monoxide ice to energetic electrons. Upon labeling the oxygen and irradiating CH 3 NH 2 -C 18 O ices, an essential identical TPD profile recorded at 10.82 eV photon energy shifts from m/z=59 by 2 amu to m/z=61 (C 2 H 5 N 18 O + ), demonstrating that a single oxygen atom is in the newly formed molecule. It should be noted that in the CH 3 NH 2 -C 18 O ices, low ion counts are still detectable at m/z=59, whose TPD profile is different than the one recorded at m/z=61. Naturally, the signal at m/z=59 cannot originate from C 2 H 5 N 18 O + ions. Once we lower the photon energy, the nature of this signal becomes clear. Here, the molecular formula C 2 H 5 NO resembles 14 structural isomers (Table 3) . N-methyl formamide (HCONHCH 3 ) has the highest adiabatic ionization energy of all isomers of 9.80 eV and 9.86 eV for the calculated and experimental values, respectively. Therefore, tuning the photon energy to 9.78 eV dictated that all C 2 H 5 NO isomers except N-methyl formamide (HCONHCH 3 ) can be ionized. For the CH 3 NH 2 -CO ices, the signal at m/z=59 drops significantly; as a matter of fact, the TPD profile matches exactly the TPD profile of m/z=59 recorded in the CH 3 NH 2 -C 18 O experiments. Therefore, the remaining ions contributing to the signal at m/z=59 at 9.78 eV cannot have any oxygen atoms, but only carbon, nitrogen, and hydrogen. This in turn reveals that the signal at m/z=59 and m/z=61 obtained from the subliming CH 3 NH 2 -CO and CH 3 NH 2 -C 18 O ices only originates from N-methyl formamide, along with its 18 O substituted counterpart, but not from any other C 2 H 5 NO isomer. The previous experiment from Bossa et al. (2012) used the UV flux of 10 15 photons s −1 cm −2 . This flux converts to about 14 eV molecule −1 (Mason et al. 2014) , which is in the same region as the energy dose used in this work. Their findings, however, only suggest the existence of N-methyl formamide, based on the QMS data. An isotope study or an analysis of the isomer structure of m/z 59 as we present it in this study was not done in their study. 
Discussion
Having established the synthesis of N-methyl formamide (HCONHCH 3 ) upon interaction of energetic electrons with methylamine-carbon monoxide ices, we are now discussing possible formation routes. First, the overall reaction to synthesize N-methyl formamide from the reactants is endoergic by 0.79 eV (Equation (3)). These energetics alone dictate that the synthesis of N-methyl formamide cannot occur under thermal conditions below 10 K or during the warm-up phase. Therefore, non-equilibrium processes must be involved with the required energy supplied from the energetic electrons or-in real astrophysical environments-an external energy source such as that supplied by GCRs (Abplanalp et al. 2016a ). Alternatively, experiments in the methylamine-carbon dioxide system exposed to energetic electrons (Holtom et al. 2005) revealed that methylamine can undergo unimolecular decomposition via atomic hydrogen loss either from the methyl group (CH 3 ) or from the amino group (NH 2 ) via reactions (4) and (5), respectively. These processes require that up to 3.80 eV be supplied by the impinging electrons and generate suprathermal hydrogen atoms holding kinetic energies of a few eV. This energy is sufficient to overcome the barrier to the addition of atomic hydrogen to the carbon-oxygen triple bond of carbon monoxide of 0.73 eV (70.7 kJ mol −1 ) forming the formyl radical (HCO) through Equation (5) Bennett & Kaiser 2007; Kaiser et al. 2014; Maity et al. 2014 Maity et al. , 2015 Maksyutenko et al. 2015) . If both the formyl radical (HCO) and the methylamidogen radical (CH 3 NH) are within the matrix cage and hold favorable geometries, they can recombine barrierlessly to N-methyl formamide (HCONHCH 3 ) (reaction (7)). Note that this reaction sequence mirrors the formation of acetaldehyde (CH 3 CHO) and formamide (HCONH 2 ). We would like to point out that the subliming molecules were also analyzed for methyl isocyanate (CH 3 NCO, m/z= 57), which could represent a potential precursor to N-methyl formamide via hydrogenation. Although we found evidence for molecules formed with m/z=57, the 18 O labeled ices did not shift this profile to m/z=59. Therefore, we can conclude that methyl isocyanate (CH 3 NCO) is not formed in the present experiments, and thus N-methyl formamide cannot result from reduction of this species. Besides N-methyl formamide (HCONHCH 3 , m/z=59), the signal at m/z=73 depicts a strong isotopic shift, followed by ions at m/z=87, 88, and 116. Considering the parent molecules and the significant amount of N-methyl formamide (HCONHCH 3 ) formed, the masses correlate with multiple building blocks of CH 2 NH (29 amu) and CO (28 amu) units. The blue arrows in Figure 4 indicate the isotope shift, whereas Figure 5 presents the TPD traces for the designated ions and their isotopic counterparts for both ice mixtures. While the TPD traces (black and blue curves, Figure 5 ) extracted from the subliming molecules of both ice mixtures obviously overlap for N-methyl formamide (HCONHCH 3 , m/z=59 and m/z=61), for higher mass-to-charge ratios, interference from molecules with identical mass-to-charge ratios but without oxygen (O) are obscuring a direct comparison. This signal is presented in green and red in Figure 5 . Therefore, a background correction has to be introduced. In this work, we substrate the background signal at the higher m/z (green curve) from the signal connected with the isotopically substituted trace (dark blue curve) and add the background signal of the low m/z trace (red curve). The result is presented in Figure 5 as a light blue curve. Starting from N-methyl formamide (HCONHCH 3 ), m/z=87 most likely results from incorporation of a single carbon monoxide (CO) unit, while m/z=88 could originate from CH 2 NH 2 incorporation to N-methyl formamide (HCONHCH 3 ). This is supported by the isotopic shifts by 4 amu and 2 amu for m/z=87 and m/z=88, respectively. A mass-to-charge ratio of 116 can be achieved formally via the recombination of two N-methyl formamide (HCONHCH 3 ) molecules or successive incorporation of carbon monoxide (CO) and the CH 2 NH 2 building block, as presented in Figure 6 . The insets in Figure 5 show the molecular structures that suggest peptide polymerization in the ice mixtures as presented in Figure 6 . Further isotopic shifts presented in Figure 4 for m/z=130, 144, 145, and 173 are plotted in Figure 7 in the same pattern as in Figure 5 . Although the signals are very small, the isotopically shifted traces can still be overlapped. Possible molecular structures are presented in Figure 8 . These findings allow speculation about the formation and presence of peptide bonds toward organic molecules in astrophysically relevant ices. Förstel et al. (2016b) reported the results of polyamide formation in irradiated ice mixtures of carbon monoxide (CO) with ammonia (NH 3 ). Furthermore, Halfen et al. (2011) predicted an abiotic formation for polypeptide under interstellar conditions similar to the present study. However, since several isomers for each mass-to-charge ratio exist, without the knowledge of the ionization energies, these results can only be regarded as tentative and have to be confirmed in future studies.
Conclusion
In this study, we elucidated the formation of N-methyl formamide (HCONHCH 3 ) in astrophysical model ices of methylamine (CH 3 NH 2 ) and carbon monoxide (CO), upon irradiation with energetic electrons as generated in the track of galactic cosmic ray particles (GCRs) penetrating interstellar ices as present on ice-coated nanoparticles in cold molecular clouds such as the Taurus Molecular Cloud 1 (TMC-1) at typical temperatures of 10 K. The synthesis is governed by an initial decomposition of methylamine (CH 3 NH 2 ) to the methylamidogen radical (CH 3 NH), along with suprathermal hydrogen atoms, which in turn can overcome the barrier of addition to the carbon monoxide molecule leading to the formyl radical (HCO). Within the matrix cage, both the formyl and methylamidogen radical may recombine barrierlessly to form the N-methyl formamide molecule. Once the molecular cloud transforms to star-forming regions, the newly formed molecules sublime from the ices as the temperature of the grains rises due to the non-isothermal phase of collapse and later due to heating from the hot core. Eventually, the processed matter enters the circumstellar disk and is incorporated at least partially into planetary bodies (planets, moons, comets), thus providing the raw material for stellar systems, including our own. As one of the simplest molecules containing a peptide bond (-CO-NH-), N-methyl formamide could represent a key molecule involved in radiation-induced peptide bond polymerization in extraterrestrial ices.
Although N-methyl formamide is only tentatively observed in the star-forming region Sgr B2(N2), (Belloche et al. 2017) , our results support the detection of N-methyl formamide. Considering the complex rotational spectrum of N-methyl formamide due to a strong torsion-rotation interaction, searching for N-methyl formamide in extraterrestrial environments is a challenging task. In contrast, the rotational spectra of the related formamide (HCONH 2 ) and acetamide (CH 3 CONH 2 )-an isomer of N-methyl formamide-are relatively "simple," and hence both molecules were already observed in 1971 (Rubin et al. 1971 (Hollis et al. 2006 , respectively, toward Sgr B2(N2). The lack of detection of acetamide (CH 3 CONH 2 ) in our studies can be rationalized by the necessity of generating reactive methyl (CH 3 ) and amidogen (NH 2 ) radicals. However, the unimolecular decomposition of the methylamine precursor (CH 3 NH 2 ) could lead, in principle, to carbon-nitrogen rupture to these radicals in the gas phase, (Michael & Noyes 1963) but not in the condensed phase (Holtom et al. 2005) , where the matrix cage facilitates recycling of the methylamine molecule via radical-radical reaction of methyl with amidogen.
As molecules synthesized in small yields become more complex, infrared spectra and in particular the group frequencies of the products significantly overlap and cannot be distinguished from each other. This is especially the case for molecules that have infrared active functional groups in common, such as the carbonyl group (C=O) and the peptide bond (-CO-NH-). Therefore, alternative techniques are imperative to advancing the field, such as the PI-ReTOF-MS as exploited here. This approach has the unique capability to detect individual molecules based on their ionization energies, even in the complex mixtures produced during the exposure of astrophysical model ices to ionizing radiation. With the commission of the Atacama Large Millimeter/Submillimeter Array (ALMA), more complex (biorelevant) organic molecules will be identified. Understanding these data will require advances in experimental laboratory astrophysics. Ultimately, further insight into the link between the origin and evolution of comets and the interstellar material that created them will bring us closer to revealing where in the Universe the molecular precursors linked to the origins of life might have been synthesized.
Even though N-methyl formamide (HCONHCH 3 ) represents the predominant molecule formed in the present experiment, Figure 2 alone reveals evidence for molecules with higher mass-to-charge ratios. Furthermore, the temperature-integrated mass-to-charge spectrum in Figure 4 presents mass-to-charge ratios of up to 180, for both ice mixtures with carbon monoxide (CO, Figure 4 , black curve) and with its isotope (C 18 O, Figure 4 , red curve), respectively. While comparing the two ice mixtures, the differences indicate isotopic shifts of products containing oxygen (O) atoms, i.e., by 2 amu per oxygen atom.
